INTRODUCTION
All organisms examined so far respond to elevated environmental temperatures and certain chemical stresses with the increased synthesis of a subset of chaperone proteins which are known as heat-shock proteins (HSPs) or stress proteins. In higher eukaryotes such as mammals and fruitffies, this cellular stress response is accomplished by an up to 100-fold transcriptional activation of the heat-shock genes [1, 2] . This transcriptional induction is mediated by pre-existing negatively regulated transcription factors ( [3] [4] [5] [6] , reviewed in [7] ). The strongly induced synthesis of HSPs and a concomitant decrease in overall gene expression reflect the electrophoretic pattern of cellular proteins: distinct bands which represent the major HSPs become prominent and are easily identifiable [8] . A rapid and highly regulated cellular stress response is thought to be essential for free-living organisms, since environmental stresses can vary considerably in quality and severity.
The life cycle of many protozoan parasites, i.e. Leishmaniae and Trypanosomae, includes a transmission from poikilothermic phlebotomine insects into homoeothermic mammals. This is considered a heat stress and a chemical stress situation as well. The genus Leishmania belongs to the family Trypanosomatidae and includes several species which cause the various forms of leishmaniasis and together afflict more than 12 million humans worldwide. Three stages of differentiation can be observed during the life cycle of Leishmaniae. They are transmitted into mammals as slender, flagellated, metacyclic promastigotes and phagocytized by skin macrophages. Within the phagosome they transform into round aflagellated amastigotes and proliferate. After rupture of the infected macrophage, the amastigotes are either phagocytized by other macrophages or ingested by a feeding sandfly. In the fly's digestive tract they transform into flagellated non-infective procyclic promastigotes [9] . They proliferate until they reach a stationary growth phase. At that point they can undergo differentiation into the infective metacyclic form [10] , which can be transmitted to the next host when the sandfly takes a blood meal. Infections with Leishmaniae can either be localized (L. major and L. tropica), leading to ulceric skin lesions at the site of transmission, or they can be generalized, as in the fatal Kala Azar or visceral leishmaniasis, which is caused by the proThe induced synthesis of HSP70 and HSP83, however, does not increase the steady-state level of either protein significantly. This is compensated by high constitutive levels of both proteins: HSP70 and HSP83 make up 2.1 % and 2.8 %, respectively, of the total protein in unstressed Leishmania promastigotes. Also, HSP70 is a strictly cytoplasmic protein in Leishmania and does not relocate into the nucleus during heat stress, as it does in other eukaryotes examined in the past.
liferation of L. donovani in the tissue macrophages of internalorgans such as liver, spleen and bone marrow.
Leishmania promastigotes can be cultured axenically in various liquid media at 25 'C. Metabolic labelling experiments showed that a temperature up-shift to 35 'C, which mimics transmission into a mammalian host, induces the synthesis of several defined HSPs [11] . Under such conditions one can also observe elevated HSP mRNA levels [12, 13] . Lawrence and Robert-Gero [14] claimed that the expression of HSPs observed under heat stress in L. major promastigotes depends on RNA synthesis de novo. Also, DNA sequences reminiscent of eukaryotic heat-shockresponsive elements (HSEs) were found in the intergenic regions of heat-shock genes in L. major and in Trypanosoma brucei [12, 15] , although data on the functional significance of such sequences have not been reported. It was therefore speculated that Leishmaniae increase the synthesis of stress proteins in response to the stresses encountered during the transmission into a human host and that this stress response is regulated on a transcriptional level, much as in higher eukaryotes [16, 17] .
This view is now questioned. Miller [18] showed that nonstressed L. mexicana amazonensis promastigotes contain sufficient mRNA for the synthesis of large amounts of HSPs. The increase in HSP83 mRNA observed in this species during heat stress [19] was recently attributed to an increased mRNA half-life rather than induced RNA synthesis [20] . Moreover, metabolic labelling experiments with [35S]methionine [11, 14] can only indicate relative protein-synthesis rates and do not reflect intracellular levels of particular proteins. To establish the parameters of the heat-shock response in Leishmania, we analysed the regulation of two major heat-shock genes, HSP70 [12] [21] .
The plasmid pLhsp7o-I (clone 11 [12] ) was a gift from M. G.-S. Lee [23] to yield the plasmid pHSP83-40. The ORF of the L. major HSP70 gene was amplified with the primers Nde-70 (5'-G GGA ATT CAT ATG ACA TTC GAC GGC G-3') and 70-TAA (5'-CTCGGGATCC TTA GTC GAC CTC CTC GAC-3') and also subcloned into pJC40, by using the NdeI and BamHI sites introduced with the primers (pHSP70-40).
The plasmid pLmClpB-BamHI includes 5' flanking sequences and the 5' half of the ClpB gene from L. major [24] subcloned into pBluescript II KS + (STRATAGENE).
Bacterial expression of Leishmania HSPs HSP70 and HSP83 and production of anti-HSP antibodies
The plasmids pHSP70-40 and pHSP83-40 were expressed and their products purified by a published protocol [23, 24] . The purified gene products (> 90 % purity by silver stain) were used to immunize laying hens. Eggs were collected before immunization and > 2 weeks after the first boost. The IgY was purified from egg yolk as described [25, 26] .
Non-radioactive detection of nucleic acids
Digoxigenin labelling and Northern analysis were performed as described [24] . The Figure Ic) . The levels of the ClpB mRNA, which encodes a 100 kDa HSP, also increase moderately during heat stress [24] . The increase in HSP70 mRNA is transient and disappears after 1 h of sustained ( Figure Id) . Moreover, the observed increases in heat-shock HSP mRNAs in no way compare with the induction observed in higher eukaryotes. We therefore assessed the RNA synthesis rates on a number of Leishmania genes before and during a heat shock. Figure 2 shows the results of a nuclear run-on transcription experiment. Intact nuclei from L. major and L. donovani were isolated from promastigotes incubated at 25 We also observe a constitutive non-heat-inducible RNA synthesis for the single ClpB gene, which encodes a 100 kDa heatinducible protein, HSP100 [24] . This protein is barely detectable in unstressed promastigotes of Leishmania, but increases steadily during a heat stress. Its synthesis must therefore be under tight post-transcriptional control.
We observed no decrease in transcription under heat stress either on the actin gene or on the gene encoding the major surface protein gp63. The general decrease in signal strength observed for the heat-shocked L. major nuclei (Figure 2 , second row) is probably due to the fact that this species does not tolerate 37°C very well. At any rate, the heat-shock response in Leishmania obviously does not involve a transcriptional activation of the heat-shock genes.
HSP70 and HSP83 are stable and highly abundant proteins in non-shocked Leishmania promastigotes As reported previously [11, 14] , Leishmania promastigotes subjected to a temperature up-shift increase the synthesis of several (Figure 3c, lane 1) . These levels increase only marginally in the course of a 24 h incubation at 37°C (lanes 2 and 3). To ascertain whether the heat-induced protein bands in the metabolic labelling experiments (Figure 3a) were indeed the products of the known HSP70 and HSP83 genes, respectively, we performed a combination of metabolic labelling and immunoprecipitation to confirm their identity (Figure 3d) of HSP synthesis, the silver staining and the Western blots showed little increase in the steady-state levels of either HSP83 or HSP70. There were two possible explanations to reconcile these data: (i) the increased HSP synthesis could coincide with an accelerated degradation of pre-existing HSPs, or (ii) the steady- state levels of HSPs at 25°C could be so high as to make the increased synthesis insignificant compared with the overall pool of HSPs. The following pulse-chase labelling experiment argues against the first possibility. HSP synthesis was induced in L. donovani promastigotes at 37°C for 1 h in the presence of [35S]methionine. The labelled amino acid was removed and the promastigotes were cultivated at normal temperature (25°C) or elevated temperature (37°C) for up to 24 h. The parasites were collected, dissolved in SDS sample buffer, run on SDS/PAGE, and the bands were revealed by autoradiography. The result, shown in Figure 4 , indicates that the HSP70 and HSP83 proteins which were newly synthesized during the initial 1 h heat shock are stable for more than 24 h both at 25°C and at 37°C, and thus have an unusually long half-life. Therefore an elevated turnover of HSPs during heat stress can be ruled out.
To test the second hypothesis, we calibrated the Western-blot analysis with purified recombinant serially diluted HSPs. Total L. major protein from 2 x 105 promastigotes was mixed with the diluted standards, subjected to SDS/PAGE and Western blotting and stained with anti-HSP70 (Figure 5a ) and anti-HSP83 ( Figure  Sb) antibodies. The recombinant proteins migrate more slowly and can be resolved from their respective natural counterparts on SDS/PAGE. This is due to a 20-amino-acid N-terminal histidine tail, which is contributed by the bacterial expression vector pJC40 [23] . Lanes which showed identical staining intensity of recombinant and natural HSPs were selected. As a result of this calibrated Western-blot analysis (Figure 5 ), we calculate that The view that HSP70 and HSP83 are both highly abundant proteins is further supported by our finding that both proteins form prominent bands in the electrophoretic polypeptide pattern of Leishmania promastigotes. Figure 6 shows lanes from the same Western-blot membrane stained with either Coomassie Blue or a mixture of anti-HSP70 and anti-HSP83 antibodies. The antibody-stained bands co-migrate with two prominent bands in the Coomassie Blue stain (arrows). Although, taken alone, the separation on a one-dimensional gel is no proof for the identity of protein bands, we consider that this result nicely illustrates and corroborates the data obtained in the quantitative Westernblot analysis shown in Figure 5 .
In HSP70 does not enter the nucleus during a heat shock
An interesting feature of the 70 kDa chaperones of higher eukaryotes such as Drosophila and mammals is their rapid relocalization into the nucleus upon heat stress [32, 33] . (Figure 8b) . We conclude that, in contrast with its homologues in higher eukaryotes, leishmanial HSP70 does not relocate into the nucleus during a heat stress.
DISCUSSION
We have performed an analysis of the heat-shock response in Leishmania and have discovered several features which set these protozoans apart from the well-investigated higher eukaryotes. Firstly, the parasites do not induce the transcription of their heat-shock genes during a heat stress: the synthesis of all stress proteins appears to be regulated post-transcriptionally. Secondly, the stress-induced synthesis of two major HSPs, HSP70 and HSP83, is not accompanied by a significant increase in the steady-state level of either protein. This is due to unusually high intracellular pools of both proteins in the non-stressed parasite. All experiments shown were performed with promastigotes from exponential-phase cultures (procyclic promastigotes) which are non-infective. However, our findings also apply to the infective stage of the parasite, the metacyclic promastigote. Parasites of this stage isolated from stationary growth-phase cultures [39, 40] showed neither increased pools nor induced synthesis rates of HSPs compared with the procyclic promastigotes (S. Brandau and S. Becker, unpublished work).
The heat-inducible and constitutive 70 kDa chaperones of mammals and insects relocate into the nucleus early during a stress and associate with nuclear structures [32, 33] . Therefore, a third feature which sets the Leishmaniae apart from the other eukaryotes is that their heat-inducible 70 kDa chaperone, HSP70, has an exclusively cytoplasmic distribution. Another HSP70 family member in L. major, cp70.4, which is expressed constitutively shares this cytoplasmic localization [34] . Our results argue against previously published work [19] in which a portion of HSP70 was found with the nuclear fraction of heat-shocked L. mexicana amazonensis promastigotes. In that work the authors could only monitor the distribution of metabolically labelled 70 kDa proteins, which may have included other protein species than HSP70. On the other hand, we cannot exclude the possibility that the HSP70 proteins of New World and Old World Leishmaniae behave differently in this regard.
Based on their finding that transcription of the L. mexicana amazonensis HSP83 genes is not heat-inducible, Argaman et al. [20] recently proposed a post-transcriptional regulation of HSP synthesis. Using two different Leishmania species, L. major and L. donovani, and three Leishmania stress genes we can now generalize their finding and corroborate the hypothesis that the heat-shock response in the Leishmaniae is regulated on a posttranscriptional level. This is quite unusual, since the factors and cognate DNA sequences involved in the regulation of heat-shock gene transcription constitute one of the most highly conserved transcriptional control systems in eukaryotic organisms [7, 35] .
Earlier results with [35S]methionine incorporation assays had indicated elevated synthesis rates for some HSPs during heat stress [11, 14] . We could substantiate these findings with our immunoprecipitation experiments. These elevated relative synthesis rates, however, do not result in significantly increased intracellular levels, due to the large constitutive pool of HSPs. The high intracellular concentrations and the long half-life of the HSPs provide for a very slow heat-shock response in Leishmania. This may even be a general feature of kinetoplastid protozoa. A constitutive levels of a 60 kDa HSP which do not increase during a heat shock [36] .
The maintenance of large intracellular pools of both HSP70 and HSP83 during the rapid proliferation of the parasite should necessitate high rates of constitutive synthesis. This is underscored by our finding that the transcription rates of the heatshock RNAs compare with RNA synthesis rates on major housekeeping genes.
The slow stress response may also explain our failure to observe induced thermotolerance (for review see [37] ) after application of short sub-lethal heat shocks (S. Brandau and J. Clos, unpublished work). We have, however, recently identified a novel leishmanial heat shock protein which belongs to the ClpB/HSPl00 family [24] . This protein is barely detectable in non-shocked promastigotes of Leishmania, but is synthesized continuously under heat stress ([24] ; S. Brandau and S. Becker, unpublished work). It remains to be seen whether this HSP100 affords any additional protection which may be required for survival in the human host.
It is an interesting problem how Leishmaniae can proliferate while burdened with large pools of stress proteins. Drosophila cells which overexpress HSP70 at normal temperatures cease growing, and when they resume growth, HSP70 is sequestered into granules [38] . When Drosophila embryos recover from heat stress, HSP70 is sequestered into granules shortly after the cessation of stress [37] . Immuno-electron microscopy may reveal whether HSP70 is sequestered in specific compartments of the unshocked Leishmania promastigote.
